Introduction
============

Organic electronics have drawn enormous attention in the past few decades owing to the ease of processing, ultralow-cost substrates, lightweight properties, thin film flexibility and tunable functionality.^[@cit1]^ Integration of photochromic properties with organic electronics has been a tempting approach to accomplish photo-responsive multifunctional optoelectronics.^[@cit2]^ Several pioneering projects that focused on the development of organic electronics embedded with photochromic layers have brought photochromic materials much closer to having real electronic applications in the foreseeable future.^[@cit3]^ In fact, thermal irreversibility and fatigue resistance are especially desirable prerequisites regarding the long-term stability and photo-switching cyclability of photochromic materials for optoelectronic applications. Solid state or thin film photochromic properties are essential for the practical application of photo-responsive optoelectronics. In contrast to crystalline photochromism, which has been well-studied for potential applications in light-driven molecular machines,^[@cit4]^ thin film photochromism adopted in photo-modulated organic electronics has not been comprehensively investigated for its photochromic properties.

Among the photochromic compounds,^[@cit5]^ diarylethenes have been regarded as one of the most attractive photochromic compounds given their promising thermal irreversibility, fatigue resistance and ability to carry out solid state photochromism. Various photochromic diarylethenes with different photo-controlled functions have been reported.^[@cit5]^ However, most of the research has been confined to carrying out modifications of pendant aryl units attached to the perfluorocyclopentene backbone.^[@cit3]--[@cit6]^ A number of researchers have been expanding the structural diversity and functionality by incorporating diarylethene moieties into various heterocycles such as 1,10-phenanthroline,^[@cit7]^ imidazole,^[@cit8]^ thiophene,^[@cit9]^ thiazole,^[@cit10]^ benzo\[*b*\]thiophene^[@cit11]^ and thiophene-fused heteroacenes.^[@cit12]^ However, a number of the aforementioned diarylethenes usually suffered from less than satisfactory practical thermal stability in the photogenerated closed form as well as a reduction in their robust fatigue resistance during photochromic cycles. Very recently, benzobisthiadiazole-^[@cit13]^ and silole-fused^[@cit14]^ diarylethenes that have satisfactory thermal stability and fatigue resistance have been reported. Isolation of pure photoactive anti-parallel conformers with an impressively high photocyclization quantum yield has been achieved for the sterically bulky benzobisthiadiazole-bridged diarylethenes.^[@cit13b]^ Besides, the highly efficient photo-switching capability arising from the high photocyclization and photocycloreversion quantum yields (*φ* ~O→C~ ≈ 0.48, *φ* ~C→O~ ≈ 0.42), which led to effective writing and erasure processes that are rarely found in diarylethene systems, has been realized in the weakly aromatic silole-fused diarylethenes.^[@cit14]^ Despite these exciting developments, there is still room for improvement and there is a need for research that will enable understanding for the rational design of heterocyclic-fused diarylethenes with promising photochromic behaviour, particularly those heterocycles that could be easily functionalized and derivatized.

Recently, phospholes have been extensively studied^[@cit15]--[@cit17]^ not only for their unique electronic structure and capability to fine-tune photophysical properties,^[@cit16]^ but also for their potential applications in optoelectronics.^[@cit17]^ It has now been widely accepted that phosphole possesses less aromatic character due to the fact that the lone pair of electrons of phosphorus cannot be effectively delocalized into the π-system of the butadiene moiety, with the slight aromaticity of phosphole resulting from hyperconjugation between the endocyclic π-system and the exocyclic σ-bond.^[@cit15]^ With our continuous interest in designing various photochromic materials,^[@cit7]--[@cit9],[@cit12],[@cit14],[@cit18]^ we envisioned that the direct attachment of two thienyl rings onto the phosphole ring would offer a strategy to optimize the photochromic performance of the system. Although phosphole-containing photochromic compounds have been reported previously,^[@cit18]^ the photochromic bis-thienyl units are not directly attached onto the ethene unit of the phosphole ring to take advantage of the low aromaticity of phosphole, and to the best of our knowledge, exploration of the direct attachment of the two thienyl units to the phosphole ring has never been reported. In addition, studies on the photochromic properties of thin films of fused-heterocycle diarylethenes under ambient conditions are still not as extensively explored as those of the perfluorocyclopentene analogues. It is envisaged that the demonstration of thin film photochromism with excellent thermal irreversibility and with the fatigue resistance of fused-heterocycle diarylethenes could offer alternative promising candidates for future potential applications in photoswitching and optical memory devices. Herein, we report the synthesis and characterization, as well as the photophysical and photochromic properties of novel photochromic benzo\[*b*\]phosphole derivatives **1--8** ([Fig. 1](#fig1){ref-type="fig"}), in which benzo\[*b*\]phosphole oxide **1** has been employed to illustrate the capabilities of this class of compounds in performing solution, crystalline and thin film photochromism with excellent thermal irreversibility and fatigue resistance. More importantly, this molecular design strategy involving the direct attachment of the bis-dimethylthienyl moieties to the weakly aromatic phosphole unit has been proven to greatly enhance the photochromic performance, in areas such as thermal irreversibility and fatigue resistance, as well as the photocyclization and photocycloreversion quantum yields in comparison to previously reported fused-heterocycle diarylethenes.^[@cit7]--[@cit9],[@cit12],[@cit18]^ The present work provides important insights and guiding principles into the molecular design of photochromic diarylethene systems with excellent thermal irreversibility and fatigue resistance.

![Chemical structure of the photochromic benzo\[*b*\]phosphole derivatives **1--8**.](c6sc02928k-f1){#fig1}

Results and discussion
======================

Synthesis, characterization, electrochemical and photophysical studies
----------------------------------------------------------------------

Photochromic benzo\[*b*\]phosphole oxides **1**, **6** and **7** were prepared by silver-mediated dehydrogenative annulation of phenyl hydrophosphine oxides and diarylacetylenes,^[@cit19a]--[@cit19b]^ whereas the photochromic benzo\[*b*\]phosphole derivatives **2--5** and **8** were prepared by functionalization of the phosphorus centre, using a modified version of a literature procedure for the synthesis of phosphole derivatives.^[@cit19c]--[@cit19f]^ The synthetic routes are summarized in Scheme S1 in the (ESI[†](#fn1){ref-type="fn"}). **1--8** have been characterized by ^1^H and ^31^P{^1^H} NMR spectroscopy, as well as EI-HRMS and elemental analysis. Two sets of ^1^H and ^31^P{^1^H} NMR signals are found for **1--6** at room temperature, resulting from the presence of diastereomeric mixtures arising from the existence of *R* and *S* forms and the chiral *P* and *M* helices.^[@cit6f],[@cit13c]^ **7** and **8**, which lack a chiral centre and chiral helix, are found to have only one set of ^1^H and ^31^P{^1^H} NMR signals, further establishing the diastereomeric relationship of the two sets of NMR signals. The representative benzo\[*b*\]phosphole oxide **1** has also been structurally determined by X-ray crystallographic analysis and its perspective view is shown in [Fig. 2](#fig2){ref-type="fig"}. The diastereomer of **1** which has a *P* chiral helix and *R* chiral centre has been obtained in the crystal structure. Moreover, it has been found to adopt an antiparallel conformation in the crystalline solid state, in which the distance between the two photoreactive carbon atoms is estimated to be within 3.60 Å, indicating that **1** may exhibit crystalline solid state photochromism in a restricted spatial environment.^[@cit5a],[@cit5g]^

![Perspective view of benzo\[*b*\]phosphole oxide **1** with atomic numbering. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids were shown at the 30% probability level.](c6sc02928k-f2){#fig2}

**1--6** showed irreversible oxidation waves ranging from +1.34 to +1.72 V *vs.* SCE (Table S1[†](#fn1){ref-type="fn"}). The first oxidation of **1--6** is tentatively assigned as the oxidation of the dimethylthienyl moieties, with a mixing of the phosphole-centred oxidation due to the rather low sensitivity towards the *P*-substituents and the presence of electron-rich peripheral dimethylthienyl moieties.^[@cit18]^ Moreover, **1--6** showed reduction waves ranging from --0.91 to --1.99 V *vs.* SCE (Table S1[†](#fn1){ref-type="fn"}). The first reduction is tentatively assigned as the phosphole-centred reduction because of the strong dependence of the different substituents on the phosphole moiety.^[@cit18]^ The electronic absorption spectra of **1--8** in benzene show moderately intense absorption bands at about 300--480 nm ([Table 1](#tab1){ref-type="table"} and Fig. S1[†](#fn1){ref-type="fn"}), which are tentatively assigned as intraligand π--π\* transitions with a possible involvement of intramolecular charge transfer transitions from the peripheral dimethylthienyl moieties to the central benzo\[*b*\]phosphole unit.^[@cit18]^ Upon excitation into the absorption band at about 320--400 nm of **1--8** in degassed benzene solution, the benzo\[*b*\]phosphole derivatives with the exception of **3** and **4** display blue and yellow luminescence at about 430--530 nm ([Table 1](#tab1){ref-type="table"} and Fig. S2[†](#fn1){ref-type="fn"}). The emission maximum of the representative compound **1** shows a strong solvent dependence, with a linear relationship between the emission energy and Dimroth\'s *E* solvent parameter,^[@cit20]^ as shown in Fig. S3 and S4,[†](#fn1){ref-type="fn"} suggesting the involvement of a charge transfer character in the transition.

###### Photophysical data of **1--8**

  Compound   Configuration                                        Absorption[^*a*^](#tab1fna){ref-type="table-fn"}   Emission[^*a*^](#tab1fna){ref-type="table-fn"}   
  ---------- ---------------------------------------------------- -------------------------------------------------- ------------------------------------------------ -------------------------------------------
  **1**      Open                                                 360 (5560)                                         470                                              0.13
  Closed     357 (31 900), 499 (5050)                                                                                                                                 
  **2**      Open                                                 327 (11 100)                                       435                                              0.019
  Closed     337sh (25 000), 348 (28 300), 500 (5020)                                                                                                                 
  **3**      Open                                                 345 (5430)                                         ---[^*d*^](#tab1fnd){ref-type="table-fn"}        ---[^*d*^](#tab1fnd){ref-type="table-fn"}
  Closed     360 (44 400), 500 (6630)                                                                                                                                 
  **4**      Open                                                 354 (7700)                                         ---[^*d*^](#tab1fnd){ref-type="table-fn"}        ---[^*d*^](#tab1fnd){ref-type="table-fn"}
  Closed     360 (36 700), 502 (4640)                                                                                                                                 
  **5**      Open                                                 358 (6520), 423sh (3020)                           482                                              0.034
  Closed     360 (30 300), 381 (25 700), 448 (5850), 519 (4960)                                                                                                       
  **6**      Open                                                 356 (6270)                                         474                                              0.12
  Closed     355 (31 400), 494 (4530)                                                                                                                                 
  **7**      Open                                                 360 (6200)                                         465                                              0.076
  Closed     352 (37 000), 469 (4400)                                                                                                                                 
  **8**      Open                                                 330 (5200), 365sh (4200)                           530                                              0.072
  Closed     365 (37 000), 526 (5200)                                                                                                                                 

^*a*^Data obtained in degassed benzene solution at 298 K.

^*b*^Emission maxima are corrected values.

^*c*^The relative luminescence quantum yields are reported using quinine sulphate in 0.5 M sulfuric acid as standard at 298 K.

^*d*^Non-emissive.

Photochromic studies
--------------------

The degassed benzene solutions of the open forms of the photochromic benzo\[*b*\]phosphole derivatives are found to exhibit colour changes from colourless and pale yellow solutions to deep reddish-orange, pale purple and reddish-purple ([Fig. 3](#fig3){ref-type="fig"}), respectively, upon UV excitation at around 360 nm. The appearance of a low-energy absorption band at about 450--600 nm is indicative of the occurrence of a photocyclization reaction and formation of the closed forms, as depicted in [Fig. 4](#fig4){ref-type="fig"} and S5--S11,[†](#fn1){ref-type="fn"} with the colour derived from the extended π-conjugation on the 1,8-thia-*as*-indacene moiety ([Fig. 3](#fig3){ref-type="fig"}). In addition, both sets of ^1^H NMR signals are found to diminish with concomitant growth of two new sets of signals, which originate from the closed form isomers. The constant relative ratio of the two sets of signals of the open form during the photochemical process further supports the assignment of the diastereomeric relationship instead of distinct parallel and antiparallel conformers. By photoirradiation into the newly formed low-energy absorption bands at around 500--600 nm in the degassed benzene solutions, the closed form isomers undergo a photocycloreversion reaction, as indicated by a reversal of the UV-visible spectral changes.

![Photochromic reactions and colour changes of **1**, **5** and **8** in degassed benzene solution upon light excitation at 298 K.](c6sc02928k-f3){#fig3}

![UV-vis absorption spectral changes of benzo\[*b*\]phosphole oxide **1** in degassed benzene solution upon UV excitation at 360 nm. The inset shows the plot of emission spectral changes upon excitation at 375 nm; the asterisk represents an instrumental artifact.](c6sc02928k-f4){#fig4}

The tunability of the photochromic benzo\[*b*\]phosphole system is demonstrated by systematic variations of the *P*-substituents. The characteristic lowest-energy absorption bands of the closed forms vary from about 450 nm to 575 nm ([Table 1](#tab1){ref-type="table"} and Fig. S12[†](#fn1){ref-type="fn"}). The absorption energies of the closed forms are found to be rather insensitive to the various *P*-substituents \[**1--4** (500 nm)\] but highly perturbed by the presence of the strong electron-accepting phosphorus centre \[**1** (500 nm) \> **8** (530 nm) ≈ **5** (550 nm)\] as well as electron-donating substituents on the peripheral dithienyl group \[**7** (470 nm) \> **1** (500 nm)\]. Apart from the UV-vis absorption spectral changes, emission spectral changes are also observed during the photochromic reaction. Upon UV excitation, the emission intensity of the degassed benzene solution of **1** decreases gradually at around 470 nm ([Fig. 4](#fig4){ref-type="fig"}).

Interestingly, the photochromic quantum yields of this series of benzo\[*b*\]phosphole derivatives **1--8** ([Table 2](#tab2){ref-type="table"}) are found to be higher than those of other fused-heterocycle diarylethenes.^[@cit7]--[@cit9],[@cit12],[@cit18]^ For **1**, the photocyclization and photocycloreversion quantum yields are found to be 0.64 and 0.24, respectively, in which the photocyclization/photocycloreversion quantum yields are both higher than most of the fused-heterocycle diarylethenes (*φ* ~O→C~ \< 0.50, *φ* ~C→O~ \< 0.10) reported in the literature.^[@cit7]--[@cit9],[@cit12],[@cit18]^ It is anticipated that the high quantum yields of this new series of photochromic derivatives would give rise to more efficient bi-directional photoresponses, providing a potential for future applications as photo-memories and photoswitchable devices.^[@cit2]--[@cit3]^ On the other hand, the photochromism of **1** has been found to benefit from the direct incorporation of a diarylethene moiety into the weakly aromatic phosphole, displaying robust fatigue resistance and excellent thermal irreversibility over other fused-heterocycle diarylethenes.^[@cit7]--[@cit12],[@cit18]^ The degassed benzene solution of **1** shows no severe decomposition (\<5%) over seven photochromic cycles, in which the closed form is almost completely converted back to the open form (Fig. S13[†](#fn1){ref-type="fn"}). Compound **2** also shows excellent fatigue resistance, similar to that of **1** (Fig. S14[†](#fn1){ref-type="fn"}). The thermal stability of the closed form of **1** in a degassed 1,2-dichlorobenzene solution has been investigated at room temperature and at 100 °C. The thermally induced backward reaction is found to be negligible (\<1%) even at 100 °C for 2000 minutes. The thermal decay rate constant and the half-life are estimated to be 2.76 × 10^--6^ min^--1^ and 174 days at 100 °C, respectively (Fig. S15[†](#fn1){ref-type="fn"}). The thermal stability of the closed form of **1** is comparable to that of diarylperfluorocyclopentenes^[@cit5a],[@cit5g]^ and superior to other fused-heterocycle diarylethenes.^[@cit7]--[@cit12],[@cit18]^ The property of thermal irreversibility is governed by the ground state energy difference between the open form and the closed form isomers.^[@cit5a]^ Excellent thermal irreversibility of the photochromic systems can be achieved by direct attachment of the dithienyl unit to heterocyclic backbones that show less aromatic character and hence lower aromatic stabilization energy, so as to minimize the ground state energy difference between the open form and the closed form isomers. This class of benzo\[*b*\]phosphole derivatives reported herein represents one of the promising candidates that may have potential applications in the development of photoswitchable functional devices due to its low aromaticity and ease of functionalization.

###### Photochromic data of **1--8**

  Compound   Photochemical quantum yield/*φ* [^*a*^](#tab2fna){ref-type="table-fn"}   Conversion at photostationary state (PSS)[^*a*^](#tab2fna){ref-type="table-fn"} ^,^ [^*e*^](#tab2fne){ref-type="table-fn"} (%)   
  ---------- ------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------- ----
  **1**      0.64                                                                     0.24                                                                                                                             34
  **2**      0.73                                                                     0.20                                                                                                                             71
  **3**      0.52                                                                     0.15                                                                                                                             62
  **4**      0.65                                                                     0.29                                                                                                                             59
  **5**      0.20                                                                     0.074                                                                                                                            48
  **6**      0.39                                                                     0.093                                                                                                                            54
  **7**      0.092                                                                    0.27                                                                                                                             20
  **8**      0.64                                                                     0.24                                                                                                                             59

^*a*^Data obtained in degassed benzene solution at 298 K, with an uncertainty of ±10%.

^*b*^Data obtained using ferrioxalate as the chemical actinometer.

^*c*^Data obtained using 334 nm as the excitation wavelength.

^*d*^Data obtained using 500 nm as the excitation wavelength.

^*e*^Data obtained using 360 nm as the excitation wavelength.

Considering the excellent thermal irreversibility, robust fatigue resistance and rather efficient photochromic quantum yields of **1** in the solution state, solid state crystalline photochromism has also been demonstrated ([Fig. 5a](#fig5){ref-type="fig"}). The colourless crystal of **1** turns red in colour upon UV excitation, and then the red crystal returns to colourless upon photo-irradiation of visible white light. In view of the efficient and reversible crystalline photochromism, **1** has been doped into PMMA and spin-coated onto a quartz plate to study the thin film solid state photochromism ([Fig. 5b and c](#fig5){ref-type="fig"}). Upon UV excitation, the UV-vis spectral changes of **1** on the PMMA thin film are very similar to that in the degassed benzene solution (Fig. S16[†](#fn1){ref-type="fn"}), with two isosbestic points, indicating a clean transformation between the open and closed form isomers both in the PMMA thin film and in the degassed benzene solution. The fatigue resistant properties of **1** on the PMMA thin film have been studied under ambient conditions. It showed a comparable fatigue resistance on the PMMA thin film to that in the degassed benzene solution. No apparent loss of the photochromic reactivity is observed and the photogenerated closed form isomer is able to convert back to the open form completely with seven photochromic cycles ([Fig. 6a](#fig6){ref-type="fig"}). The closed form isomer of **1** shows excellent thermal stability on the PMMA thin film at room temperature under ambient and dark conditions. No obvious thermal decay (\<3%) of the closed form to the open form isomer is observed over a week ([Fig. 6b](#fig6){ref-type="fig"}). It is interesting to note that while **1** shows a slight drop in fatigue resistance over seven photochromic cycles in oxygenated benzene solution (Fig. S17[†](#fn1){ref-type="fn"}), the thin films of **1** under non-degassed ambient conditions show excellent fatigue resistance with no obvious loss of photochromic reactivity, which is highly attractive for possible practical applications. Furthermore, the sharp contrast of the bistable states that are coloured (ON) and colourless (OFF) have been illustrated by photopatterning *via* photoinduced colouration and decolouration ([Fig. 5b and c](#fig5){ref-type="fig"}). Typically, the complete photo-modulated transformation between the ON and OFF states would render an unambiguous photo-controlled state of the systems.

![(a) Crystalline and (b--c) PMMA thin film photochromism of **1**.](c6sc02928k-f5){#fig5}

![(a) UV-vis absorbance changes at 500 nm of **1** upon alternate excitations at 360 nm and 500 nm over seven cycles on the PMMA thin film at 298 K. The inset shows the colour change of the PMMA thin film during the photochromic reaction. (b) A plot of ln(*A* ~*t*~/*A* ~0~) *versus* time for the absorbance decay at 500 nm of the closed form isomer of **1** on the PMMA thin film under ambient and dark conditions over a week. *A* ~0~ and *A* ~*t*~ denote initial absorbance and absorbance at time *t*, respectively; the solid lines represent theoretical linear fits. The inset shows the electronic absorption spectra of each measurement during the 2-day time interval.](c6sc02928k-f6){#fig6}

Conclusions
===========

To conclude, a series of newly designed photochromic benzo\[*b*\]phosphole derivatives has been shown to display remarkable photochromic properties including thermal irreversibility and fatigue resistance, as well as high photochromic ring-closing/opening quantum yields when compared to the previously reported photochromic diarylethene-containing heterocycles^[@cit7]--[@cit12],[@cit18]^ by utilizing the direct attachment of the dithienyl unit to the weakly aromatic phosphole backbone. With the excellent photochromic properties of this benzo\[*b*\]phosphole oxide **1** in solution, crystalline and thin film solid states, it is believed that this work can provide a deeper insight into the rational design of photochromic materials for potential applications in the future. Further development of the photochromic phospholes with various structural modifications, investigation of the structure--activity relationship as well as the incorporation of additional functional moieties to achieve multifunctional photo-responsive materials are now in progress.
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[^1]: †Electronic supplementary information (ESI) available: Synthesis, crystallographic, electrochemical, photophysical and photochromic data. CCDC [1470446](1470446). For ESI and crystallographic data in CIF or other electronic format see DOI: [10.1039/c6sc02928k](10.1039/c6sc02928k) Click here for additional data file. Click here for additional data file.
